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In  this  paper  is  described  the  optimization  of  the  esteriﬁcation  reaction  of  butyl  acetate  synthesis  cat-
alyzed  by  Candida  antarctica  lipase  B (Novozym  435).  The  reaction  parameters  temperature,  substrate
molar  ratio,  enzyme  content,  and  added  water,  and  their  responses  measured  as  conversion  yields,  were
evaluated  using  central  composite  design  and  response  surface  methodology.  The  best  acid  concentra-
tion  for  the  reaction  without  enzyme  inactivation  was  determined  to  be 0.3  M.  The  optimal  conditions  for
butyl  acetate  synthesis  were  found  to  be  temperature  of  40 ◦C;  substrate  molar  ratio  of  3:1 butanol:acetic
acid;  enzyme  content  of  7.5%  of substrate  wt.;  added water  0.25%  of substrate  wt.  Under  these  condi-ovozym 435
utyl  acetate
lavor ester
SM
nzyme reuse
tions,  over  90%  of  conversion  was  obtained  in 2.5  h.  Enzyme  reuse  was  tested  performing  three  different
treatments  before  each  batch:  washing  the  enzyme  system  with  either  n-hexane  or  water,  or  suspend-
ing  the immobilized  enzyme  in  water  for 24  h.  Direct  enzyme  reuse  or washing  with  water  produced
a  rapid  decrease  on enzyme  activity,  while  washing  with  n-hexane  allowed  enzyme  to  be reused  for  6
reactions  cycles  keeping  around  70%  of its  activity.  This  fast  and  high  yield  of  conversion  represents  a
large  improvement  to  previously  reported  results.. Introduction
Flavor esters are important raw materials used in food, cos-
etics and pharmaceutical industries [1]. Current international
egulations classify as ‘natural ﬂavors’ those obtained by direct
xtraction from natural sources, which are produced in small
mounts and are too expensive for commercial use [2], and
hose obtained in biotechnological processes using enzymes or
he microbial bioconversion of natural precursors. On the other
and, synthetic esters can also be obtained by direct chemi-
al esteriﬁcation of carboxylic acids with the adequate alcohol
n the presence of inorganic catalysts at elevated temperatures
200–250 ◦C) [3–5]. This fact has stimulated research aiming at
eveloping new biotechnological processes for the production of
hese valuable compounds [2].Lipases are enzymes that catalyze the hydrolysis of oils and fats
nd, under appropriate working conditions, will also present cat-
lytic activities of esteriﬁcation, transesteriﬁcation, and alcoholysis
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reactions [6–8]. Although the literature on the enzymatic esteri-
ﬁcation catalyzed by lipases [3,5,7] is vast, most of it reports on
the reaction between a short chain alcohol and a long chain fatty
acid. However, the reaction between a short chain alcohol and a
short chain carboxylic acid produces short chain aliphatic esters
that are small enough to be volatile thus capable of producing
pleasant fruity notes [9]. Many aliphatic acetate esters are com-
ponents of natural ﬂavors, mainly fruit ﬂavors esters, such as butyl
acetate, which is an ester naturally present in apples, strawberries
and pears, which has found many applications in the food industry
[10].
Syntheses of ﬂavor esters have been described as reaction
systems with very low water contents, using different solvents
(organic solvents, ionic liquids or supercritical ﬂuids) or even pro-
duced in solvent-free media [2,10–17]. Determination of reaction
parameters involved in the lipase-catalyzed ﬂavor ester synthesis
is commonly made by varying one factor at a time, while keeping
the others constant [11–14,16], a method that may  be inefﬁcient
Open access under the Elsevier OA license.when there are interactions among several variables.
The use of response surface methodology (RSM) for optimizing
lipase catalyzed esteriﬁcation has been reported by some authors,
with the main variables analyzed being the reaction temperature,
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Table 1
Process variables and their levels used in CCD.
Variables Name Coded levels
−2 −1 0 1 2
X1 Temperature (◦C) 25 31.25 37.5 43.75 50
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equation signiﬁcance was determined by Fisher’s F-test. The variance explained by
model is given by the multiple determination coefﬁcients, R2. For each variable, the
quadratic models were represented as contour plots (2D).
Table  2
Experimental design and results of CCD.
Treatment X1 X2 X3 X4 Yield
conversion (%)
1 −1 −1 −1 −1 8.8
2 −1 −1 −1 1 26.0
3 −1 −1 1 −1 93.0
4 −1 −1 1 1 53.3
5 −1 1 −1 −1 67.1
6 −1 1 −1 1 69.9
7 −1 1 1 −1 92.7
8 −1 1 1 1 84.8
9 1 −1 −1 −1 64.3
10 1 −1 −1 1 8.1
11 1 −1 1 −1 93.6
12 1 −1 1 1 91.3
13 1 1 −1 −1 79.6
14 1 1 −1 1 75.6
15 1 1 1 −1 88.8
16 1 1 1 1 91.1
17 −2 0 0 0 77.0
18 2 0 0 0 96.1
19 0 −2 0 0 70.4
20 0 2 0 0 90.7
21 0 0 −2 0 41.1
22 0 0 2 0 94.6
23 0 0 0 −2 93.0
24 0 0 0 2 92.9X2 Substrate molar ratio (butanol:acetic acid) 
X3 Enzyme content (% by weight of substrate)
X4 Added water (% by weight of substrate)
ubstrate molar ratio, enzyme content and the reaction time
18–22]. Results often show that even after optimization, reac-
ion time was generally long, taking around 8–48 h for maximal
ields. This length of time is considered too long for an indus-
rial application and represents most of the costs of enzyme
pplications, rendering it inappropriate for large-scale processes.
nother important factor is the cost of the enzyme itself, which
s a drawback for the biotechnological process compared with
he chemical synthesis, thus requiring the enzyme to be reused
everal times, maintaining its activity as long as possible. Several
trategies can be performed to recover the enzyme activity of
mmobilized systems after each reaction cycle as, for example,
o wash the enzyme with solvent, which is usually water or an
rganic solvent, in order to eliminate any substance adsorbed on
he support. For instance, it has been reported that the activity of
mmobilized lipase was almost unaltered after 7 cycles of washings
ith n-hexane in the transesteriﬁcation reaction [23].
In  this context, the aim of this work was to optimize the synthe-
is of apple ﬂavor butyl acetate catalyzed by the immobilized lipase
 from Candida antarctica, commercially available as Novozym 435,
sing central composite design and RSM analysis. The reaction
arameters of temperature, substrate molar ratio, enzyme concen-
ration, and water content were studied in order to establish the
elationship among them and the reaction conversion. It was also
tudied the effect of different treatments for recovering enzyme
ctivity with the objective of recycling the enzyme system for mul-
iple reuses. The tested treatments were (1) washings with water
nd (2) washings with hexane.
. Materials and methods
.1.  Materials
Lipase B from C. antarctica immobilized in a macroporous resin (Novozym 435)
as kindly donated by Novozymes (Spain). Acetic acid, n-butanol and other chem-
cals were of analytical grade and purchased from Sigma–Aldrich (Sigma, St. Louis,
SA).
.2. Reaction of esteriﬁcation and analysis
N-butanol  was  added to acetic acid at different molar ratios into 50 mL  Erlen-
eyer  ﬂasks (working volume of 10 mL), followed by the addition of various
mounts  of water, enzyme, and n-hexane as solvent. Previously to the reaction, the
mmobilized enzyme was  dried for 24 h at 40 ◦C in order to remove any adsorbed
ater.  The mixtures of acetic acid, n-butanol, and Novozym 435 were stirred in an
rbital shaker (200 rpm) at various reaction temperatures for 5 h (Table 1).
The  progress of esteriﬁcation was  monitored by determining the residual acid
ontent  by titration of 1 mL  of sample with NaOH (0.01 N) using phenolphthalein as
ndicator and 5 mL of ethanol as quenching agent. The amount of ester was calculated
s  being equivalent to the consumed acid. A calibration curve was performed to
nsure the reliability of this acid determination using laboratory-made mixtures of
cetic acid, n-butanol, and commercial butyl acetate.
.3.  Experimental designA  central composite design with four variables was carried out in order to obtain
he  optimal conditions for esteriﬁcation reaction. The variables and their coded and
ncoded values are presented in Table 1. Table 2 shows 28 treatments of the four
ariables, each at ﬁve levels. The design was constructed of 16 factorial points, 8
xial points (two axial points on the axis of design variable), and four replications2:1 3:1 4:1 5:1
2.5 5 7.5 10
0.25 0.5 0.75 1
at the central point. In each case, the yields of conversion for esteriﬁcation were
determined.  The second-order polynomial equation for the variables was as follows:
Y = ˇ0 +
∑
ˇiXi +
∑
ˇijXiXj +
∑
ˇiiX
2
i (1)
where Y is the response variable, ˇ0 the constant, ˇi , ˇii ,  ˇij were the coefﬁcients
for  the linear, quadratic, and for the interaction effects, respectively, and Xi and Xj
the coded level of variables xi and xj . The above quadratic equation was used to plot
surfaces for all variables.
2.4.  Enzyme reuse
After the esteriﬁcation reaction, the immobilized enzyme was separated from
the  reaction medium by means of simple ﬁltration. The recovered biocatalyst was
then treated by either of the following three different procedures: (1) washed with
20 mL  of n-hexane; (2) washed with 20 mL  of water; or (3) suspended in 20 mL  of
water by 24 h; all followed by drying for 24 h at 40 ◦C [24,25]. Control experiments
were  carried out without any of the mentioned treatments, and without drying.
2.5. Statistical analysis
The  experimental design and analysis of results were carried out using Statistica
7.0  (Statsoft, USA). The statistical analysis of the model was performed as analysis of
variance (ANOVA). The signiﬁcance of the regression coefﬁcients and the associated
probabilities,  p(t), were determined by Student’s t-test; the second order model25 0 0 0 0 93.4
26 0 0 0 0 92.6
27 0 0 0 0 93.6
28 0 0 0 0 93.1
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Fig. 1. Effect of acetic acid concentration on (a) initial reaction rate and (b)
yields  of conversion () 0.1 M,  (©) 0.2 M,  () 0.3 M,  () 0.4 M,  () 0.5 M.  Reaction
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can be seen that simultaneously increasing the reaction tempera-onditions: enzyme content, 10%; temperature, 30 ◦C; substrate molar ratio, 1:1
-butanol:acetic acid.
. Results and discussion
.1.  Effect of acid concentration on enzyme activity
Experiments varying the acetic acid concentration from 0.1 to
 M were devised and the obtained results for the initial reaction
ate and the yields of conversion are presented in Fig. 1a and b,
espectively. Acetic acid and its derivatives, including triacetin,
ave been reported to be poor substrates for lipases due to their
mall molecular size, which leads to the inefﬁcient interfacial
ctivation of the enzyme [26–28]. Results show that up to 0.4 M
here was an increment in enzyme activity as the initial reaction
ate in an almost linear way, while for acetic concentrations higher
han 0.5 M no reaction could be detected. However, observing theistry 46 (2011) 2311–2316 2313
reaction kinetics (Fig. 1b), the enzyme activity decreased when
using 0.4 and 0.5 M in less than 1 h of reaction. This result suggests
an excessive acidiﬁcation of the medium producing undesirable
effects on enzyme activity and/or stability, and that acetic acid con-
centration is in fact a key parameter in this reaction. The yields of
conversion that were obtained in this work were higher than those
obtained for the synthesis of geranyl acetate catalyzed by Novozym
435 [29], where the concentration of acetic acid used was 0.1 M;  and
were similar to those reported for the synthesis of isoamyl acetate,
where the best concentration of acetic acid was  0.3 M using a lipase
from Aspergillus niger [30]. Therefore, the highest possible concen-
tration of acetic acid as a substrate should be around 0.3 M, without
exerting any negative effects on enzyme activities and stabilities.
3.2.  Experimental design, model ﬁtting and ANOVA
Experimental data obtained for the lipase-catalyzed synthesis of
butyl acetate are shown in Table 2. The highest yield of conversion
(96.08%) was obtained for treatment 18 (50 ◦C, 3:1 alcohol:acid,
enzyme content 5%, added water 0.5%), while the less effective, with
yields of conversion of only 8.07%, was  the treatment 1 (31.25 ◦C,
2:1 alcohol:acid, enzyme content 2.5%, added water 0.25%). Most
of the treatments presented yields of conversion higher than 80%
within 5 h of reaction, showing that Novozym 435 presented a good
activity for the butyl acetate synthesis. Comparatively, Mahapatra
et al. [10] using an immobilized lipase from Rhizopus oligosporus,
obtained approximately 55% of conversion after 28 h of reaction
and a massive amount of 27.5% of enzyme. To turn this biocatalytic
process suitable for large scale applications, it would be impor-
tant to get high yields of conversion in short times and using as
low amounts of enzymes as possible, which is compatible with
the results obtained in this research, where a much more efﬁcient
conversion, in a shorter time and using less enzyme, was achieved.
Fisher’s statistical test for analysis of variance (ANOVA) showed
a computed F-value of 4.02, which is highly signiﬁcant (p = 0.0083).
The determination coefﬁcient (R2 = 0.81) implies that the variation
of 81% for butyl acetate synthesis is attributed to the independent
variables, and can be explained by the model, while the correlation
coefﬁcient (R = 0.90) suggests a highly satisfactory representation
of the process model and a good correlation between the experi-
mental results and the theoretical values predicted by the model
equation. Linear, quadratic, and interaction terms were signiﬁcant
at the 5% level. Therefore, the second-order polynomial model is
given by:
Y  = 93.17 + 5.62X1 + 10.49X2 + 16.50X3 − 3.66X4 − 3.99X21
− 5.48X22 − 8.65X23 − 2.37X24 − 3.47X1X2 − 0.91X1X3
− 2.04X1X4 − 9.93X2X3 + 4.63X2X4 − 0.45X3X4 (2)
where  Y is the percentage yield conversion, and X1, X2, X3, and X4
are the coded values of temperature, substrate molar ratio, enzyme
content and added water, respectively.
3.3. Effect of parameters
The  entire relationship between reaction variables and response
can be better understood by examining the planned series of con-
tour plots depicted in Fig. 2, which shows the experiments around
the central point and was  generated from the predicted model by
keeping constant the temperature (31.25, 37.5, and 43.75 ◦C) and
added water (0.25, 0.5 and 0.75%). Observing the contour plots itture and reducing the added water, the yields of conversion were
enhanced, which was  conﬁrmed by the linear effects estimated for
the reaction parameters, all statistically signiﬁcant (p < 0.0001): the
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pig. 2. Contour plots of yields of conversion in butyl acetate synthesis. The numbers
onditions.
ositive effect of the temperature (11.25) and the negative effect
f added water (−7.33). However, the substrate molar ratio (20.98)
nd the amount of enzyme (33.01) presented the highest effects
n yields of conversion. As expected, enzyme content was the
ain variable affecting the synthesis of butyl acetate. In a reaction
atalyzed by immobilized enzymes, where enzyme–enzyme inter-
ctions are not possible, the increase of enzyme content will, until
 certain limit, positively affect the reaction rate. It is important to
bserve that the optimal values obtained in this work for enzyme
ontent of reaction were around 5–7.5%. Other works [10,31,32]
ave all reported the use of higher enzyme contents, with longer
imes of reaction, obtaining lower yields of conversion. The opti-
al and improved reaction conditions obtained in this work reﬂect
he importance of using RSM; all variables were studied simulta-
eously, allowing to identify their interactions and to deﬁne their
est combinations.
The  positive effect of substrate molar ratio can be explained by
he thermodynamics of the reaction. Since the acidiﬁcation of the
edium by acetic acid is very toxic for the enzyme [29], it is inter-
sting to use excess of alcohol to improve the yields. It also explains
he negative effect of added water. Water is one of the products of
he esteriﬁcation reaction and it has been reported that Novozym
35 is less active in the presence of an excess of water [33,34].
evertheless, some initial water content is needed by lipases to
etain their active three-dimensional conformational state. Water
lso contributes to the structural integrity, active site polarity, and
rotein stability [5]. the contour plots indicate percentage of yields of conversions (%) at given reactions
3.4. Determination of optimal reaction conditions
The optimal conditions for lipase-catalyzed butyl acetate syn-
thesis were determined by the response desirability proﬁle
calculated using the Statistica 7.0 software, where the optimal val-
ues of each variable were obtained for the desired response that, in
this work, was the maximal yield of conversion after 5 h of reaction.
The proﬁles for the predicted values and desirabilities of the 4 vari-
ables are shown in Fig. 3. The optimal conditions were found to be:
temperature of 40 ◦C; substrate molar ratio of 3:1 butanol:acetic
acid; enzyme content of 7.5%; and added water of 0.25%. According
to Fig. 3, similar high yields of conversion could be obtained vary-
ing added water from 0 to 0.6%. Based in the experience of this lab,
the optimal value for this variable was  ﬁxed at level −1 of the CCD
(0.25%). At the optimal conditions, the predicted yield of conversion
was over 99%.
3.5.  Kinetics of reaction and model validation
In order to validate the model, experiments were run at the opti-
mal conditions and Fig. 4 presents the kinetics of lipase-catalyzed
butyl acetate synthesis. Results show 91.5% of conversion obtained
after only 2.5 h of reaction.This is relevant because the reaction time is considered an
important parameter for lipase-catalyzed ﬂavor esters production
as indicator of effectiveness and economical performance. After 5 h
of reaction, at the optimal conditions deﬁned by the experimental
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drastic acid pH because of accumulation of the remaining aceticFig. 3. Proﬁles for predicted val
esign, the yield of conversion was 95 ± 2%, showing a good cor-
elation between experimental results and the model statistically
redicted (99%).
.6.  Enzyme reuse
In  general, enzymatic reactions are challenged by the high cost
f the biocatalysts. In the speciﬁc case of ﬂavor esters, which can
e chemically produced by catalysis at low costs, enzymes must
e reused several times to make the biocatalytic way competitive
gainst the chemical synthesis. Therefore, it was  decided to test
he best way to recover the enzyme after it was used in the synthe-
is of butyl acetate, according the procedures described in Section
.4. Results in Fig. 5 show that the drying of the biocatalyst has
n important and positive effect on the stability of enzyme. When
he biocatalyst was dried, some of the volatile residues (substrates,
roducts, solvents) that could affect the reaction were removed
rom the support matrix, improving the enzyme activity. Therefore,
rying of the support seems to be a convenient procedure before
nzyme reuse. However, when the biocatalyst was only dried with-
ut any previous treatment, the enzyme completely lost its activity
fter the second batch (Fig. 5), probably due to the accumulation
Fig. 4. Kinetics of butyl acetate synthesis under the optimal conditions.d desirability for the variables.
of water produced in the reaction and the progressive accumula-
tion of acetic acid on the support. This effect could be even more
deleterious if an acidiﬁed water phase would be formed around the
enzyme, since it has been reported that the activity and stability of
an enzyme rely on the pH of the solution from which it is recovered
[35–37]. The washing with n-hexane was the best treatment and
allowed the enzyme to retain around 70% of its activity even after
6 reaction batches.
The  washings with water produced faster inactivations than the
ones with n-hexane, suggesting that these treatments were nega-
tive for enzyme reaction. When the water-treated samples were
posteriorly washed with hexane after the second reuse, the activ-
ities were recovered and maintained to similar levels as for the
n-hexane treated samples, without any signiﬁcant lost. Possible
explanations for these effects could be that (1) water washings
caused an increase in the amount of water adsorbed by the sup-
port; (2) the washings with water could expose the enzyme toacid on the support; (3) the hydrolysis of esters during the water
washings could lowered the biocatalyst pH, thus inactivating the
Fig. 5. Stability of Novozym 435 over repeated batches submitted to different treat-
ments. (, ) Control; (©, ) washings with n-hexane. Open symbols: without
drying; close symbols: drying the biocatalyst after ﬁltration. All reactions were
carried  out at the optimal conditions.
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nzyme. To clarify this subject, an experiment was designed where
he biocatalyst was washed in two different ways after the ﬁrst
atch: (1) the enzyme was ﬁrst washed with water and then with n-
exane and (2) reversely, the washing with n-hexane was  followed
y a washing with water. The ﬁrst treatment caused the enzyme
ctivity to drop 50% after the second reaction cycle, while for the
econd treatment the enzyme kept its activity as high as 90% after
he two cycles, similarly to results obtained using only n-hexane
or the washings. This result suggests that the negative effect of
ater washings is due to the acidiﬁcation of the enzyme environ-
ent during water washings, perhaps due to the rapid hydrolysis
f the ester, exposing the enzyme to very low pH values. When the
iocatalyst was ﬁrst washed with n-hexane, the ester and most of
he remaining acetic acid were washed way from the biocatalyst
ore, and the following washing with water did not produce any
eleterious effects on the enzyme. When water was used ﬁrst, it
cidiﬁed the environment, producing enzymatic inactivation, and
urther washings with n-hexane were unable to revert this inactiva-
ion. Concluding, the water it self does not appear to have a negative
ffect on the enzyme activity, but it exposes the enzyme to a low pH
alue.
. Conclusion
In this work, it was optimized the butyl acetate (apple ﬂavor)
ynthesis catalyzed by Novozym 435 in an organic medium. The
se of organic medium is essential to avoid the deleterious effects
aused by the acetic acid on the enzyme. It was found that 0.3 M
cetic acid is the highest concentration that can be used in the reac-
ion to obtain maximal yields of conversion, while preserving the
nzyme stability. The use of CCD allowed evaluating the main vari-
bles of the enzymatic reaction; at the optimal conditions, more
han 90% of conversion was obtained in the relatively short time
f 2.5 h. The enzyme could be reused, keeping more than 70% of
ts original activity after 6 reaction cycles, by performing a simple
ashing procedure with n-hexane between reaction batches. The
esults presented in this research represent a progress in the enzy-
atic synthesis of ﬂavor esters, since most of previous literature
eports show smaller yields of conversions obtained after much
onger times of reaction and higher amounts of enzyme. It is impor-
ant to remark that even including the treatment time, our whole
rocess time is comparable to many reaction times found in the
iterature.
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